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The role for cilia in establishing planar cell polarity
(PCP) is contentious. Although knockdown of genes
known to function in ciliogenesis has been reported
to cause PCP-related morphogenesis defects in
zebrafish, genetic mutations affecting intraflagellar
transport (IFT) do not show PCP phenotypes despite
the requirement for IFT in cilia formation. This
discrepancy has been attributed to off-target effects
of antisense morpholino oligonucleotide (MO) injec-
tion, confounding maternal effects in zygotic mutant
embryos, or an inability to distinguish between
cilia-dependent versus cilia-independent protein
functions. To determine the role of cilia in PCP, we
generated maternal + zygotic IFT88 (MZift88) mutant
zebrafish embryos, which never form cilia. We clearly
demonstrate that cilia are not required to establish
PCP. Rather, IFT88 plays a cilia-independent role in
controlling oriented cell divisions at gastrulation
and neurulation. Our results have important implica-
tions for the interpretation of cilia gene function in
normal development and in disease.
INTRODUCTION
During embryonic development, primary cilia play well-estab-
lished roles in regulating Hedgehog and platelet-derived growth
factor signaling pathways (Eggenschwiler and Anderson, 2007;
Satir and Christensen, 2007). However, the role of cilia in
regulating aspects of Wnt signal transduction, particularly in pro-
moting noncanonical Wnt/planar cell polarity (PCP) signaling,
remains contentious (Wallingford and Mitchell, 2011).
PCP signaling is evolutionarily conserved and is required to
establish cell polarity orthogonal to the apical-basal axis (Bayly
and Axelrod, 2011). In vertebrates, PCP controls convergence
and extension (C&E) movements that lengthen and narrow the
body axis during gastrulation and neurulation (Gray et al.,
2011; Wang and Nathans, 2007; Yin et al., 2009). Additionally,PCP signaling regulates oriented cell divisions (OCDs) that are
believed to contribute to axis elongation and to the maintenance
of tissue architecture (Fischer et al., 2006; Gong et al., 2004).
The first evidence that cilia may regulate PCP came from the
study of inversin mutant mice. Inversin localizes to cilia and its
knockdown leads to cilia-related defects like disrupted left-right
patterning and cystic kidneys (Otto et al., 2003; Watanabe et al.,
2003). However, Simons et al. (2005) also reported that inversin
mutant mice exhibit disorganized hair patterns characteristic of
abnormal PCP. Studies of Inversin function in Xenopus revealed
that Inversin is required for normal C&E movements and that it
interacts with the PCP proteins Disheveled and Vangl2. Inversin
was shown to promote PCP signaling at the expense of canon-
ical Wnt signaling and it was postulated that Inversin, and hence
cilia, regulate a crucial switch between the two Wnt signaling
cascades (Simons et al., 2005). It has also been proposed that
cilia function as mechanosensors where axoneme bending
initiates an intracellular signaling response that is mediated by
Inversin and is required to regulate PCP. When cilia are disrup-
ted, Inversin levels are reduced and canonical Wnt signaling is
favored (Singla and Reiter, 2006).
Morpholino (MO)-knockdown analyses in zebrafish have also
implicated BBS complex members (BBS1, 4, and 6) as well as
other proteins that localize at or near cilia and basal bodies
(Ofd1, Lrrc6l, and IFT88) in regulating PCP-mediated C&Emove-
ments and in turn suppressing canonical Wnt signaling (Ferrante
et al., 2009; Gerdes et al., 2007; Kishimoto et al., 2008; McIntyre
et al., 2012; Ross et al., 2005). Surprisingly, however, genetic
mutations in zebrafish genes believed to function exclusively in
cilia formation, like those encoding intraflagellar transport (IFT)
proteins, are not reported to yield C&E defects (Sun et al.,
2004; Tsujikawa and Malicki, 2004). This apparent discrepancy
between MO-knockdown and genetic mutant studies suggests
that some proteins localizing at or near the cilia may have cilia-
independent functions in PCP or that C&E phenotypes are a
common off-target effect of MO injection.
Alternatively, maternal effects may confound analysis of cilia
and PCP signaling in zebrafish IFTmutants. For example, zygotic
ift88 mutant embryos demonstrate high levels of maternal ift88
RNA (from heterozygote mothers) that rescues cilia formation
until approximately 4 days postfertilization (dpf) (Tsujikawa andCell Reports 5, 37–43, October 17, 2013 ª2013 The Authors 37
Figure 1. MZift88MutantsDoNot FormCilia
(A and B) Lateral view of a 3-day-old (A) Mift88
embryo and (B) MZift88 mutant embryo exhibiting
a curved body axis, pericardial edema (arrow-
head), hydrocephalus (asterisk), and a cystic kid-
ney (arrow).
(C and D) Confocal images of (C) WT and (D)
MZift88 mesoderm cells, at 9 hpf, expressing
Arl13b-GFP (green) and memb-mRFP (red) re-
vealed the presence of cilia on WT cells (asterisks,
C). Only small puncta of Arl13b-GFP were visible
on MZift88 mutant cells (asterisks, D).
(E) Transmission electron microscopy micrograph
of basal body docking in the neural tube of a 30hpf
MZift88 mutant embryo.Malicki, 2004), well after completion of PCP-directed axial
morphogenesis. Using germline-replacement methodologies
(Ciruna et al., 2002), Huang and Schier (2009) have generated
maternal-zygotic ift88 (MZift88) mutant embryos. Although gross
C&E phenotypes were not reported, subtle defects in PCP could
not be excluded.
In an attempt to resolve the role for cilia in PCP, we have per-
formed a detailed analysis of the MZift88mutant phenotype. We
conclusively demonstrate that PCP is not disrupted in MZift88
mutants and that cilia are therefore not directly or indirectly
required to establish planar cell polarity. Instead, we implicate
IFT88 in controlling the orientation of polarized cell divisions at
gastrulation and neurulation and show that this function of
IFT88 is independent of its role in ciliogenesis.
RESULTS AND DISCUSSION
MZift88 Mutants Do Not Form Cilia
The zebrafish ovaltz288b mutation introduces an early premature
termination codon into ift88 and is a putative loss-of-function
allele (Tsujikawa and Malicki, 2004). Using a germline-replace-
ment strategy (Ciruna et al., 2002), we generated chimeric ani-
mals that are somatically wild-type (WT) but harbor an ovaltz288b
mutant (ift88/) germline. As expected, male ift88/ chimeras
are sterile, likely due to sperm immotility (Afzelius, 1976). How-
ever, female ift88/ chimeras are fertile and, when mated to
ift88+/ males, generate ift88+/ progeny that lack maternal
IFT88 contribution (Mift88; 50%) as well as maternal-zygotic
ift88 mutant progeny that lack all IFT88 function (MZift88;
50%). In agreement with Huang and Schier (2009), we found
that while Mift88 embryos develop normally, MZift88 mutants
display phenotypes that closely resemble zygotic ift88/
embryos (Figures 1A and 1B). Prior to 30 hpf, Mift88 and MZift88
mutant embryos appear identical but can be distinguished by
the formation of primary cilia (see below).
To determine whether ciliogenesis is abolished in MZift88
mutant embryos, we performed confocal imaging of Arl13b-
GFP localization (a live reporter of cilia) over the course of early
development (Borovina et al., 2010). We have previously shown
that cilia do not form in WT zebrafish embryos until late gastrula-
tion (Borovina et al., 2010) and are clearly visible at 9 hpf (aster-38 Cell Reports 5, 37–43, October 17, 2013 ª2013 The Authorsisks, Figure 1C). In contrast, cilia fail to form in MZift88 embryos,
although small puncta of Arl13b-GFP expression can be
observed at the membrane of some MZift88 cells (asterisks, Fig-
ure 1D). To determine how much of the cilium remains in the
absence of IFT88, we performed transmission electron micro-
copy (TEM) on MZift88 embryos. Although basal bodies are
observed docking at the plasma membrane, the axoneme is
completely absent from MZift88 mutant cells (Figure 1E).
Cilia Are Not Required for PCP
MZift88mutants develop a curved body axis at approximately 30
hpf but do not display gross defects in axial morphogenesis that
might indicate significant loss of PCP signaling. To more closely
investigate possible PCP defects in MZift88 embryos, we per-
formed quantitative analyses of cell polarity and axial morpho-
genesis throughout gastrula and early segmentation stages.
Defects in PCP-directed C&E movements result in a com-
pressed body axis with wider neuroepithelial and paraxial meso-
derm tissues as marked by krox20 (rhombomeres 3 and 5) and
myoD (somites and adaxial cells) expression, respectively (Car-
reira-Barbosa et al., 2003; Tada and Smith, 2000). In agreement
with published data, morphometric analysis of ten-somite-stage
(14 hpf) WT, Mift88, andMZift88 embryos revealed no significant
differences in axial morphogenesis (Figures 2A–2D). Earlier in
development, defects in PCP-directed C&E movements also
disrupt prechordal plate migration, as visualized by the relative
positioning of ntl (notochord), hgg1 (prechordal plate), and dlx3
(anterior edge of the neural plate) gene expression domains at
bud stages (10 hpf) (Heisenberg et al., 2000). Morphometric
analyses of prechordal plate and notochord position also re-
vealed no differences between WT control, Mift88, and MZift88
mutant embryos (Figures 2H–2J). PCP-directed C&E move-
ments also extend the zebrafish axis around the yolk during
segmentation stages, bringing the forebrain and tail bud into
close apposition. Body axis extension can therefore be
measured as an angle (with its vertex centered in the yolk and
rays extending to the head and tail), which is increased in PCP
signaling mutants (Reynolds et al., 2010). Comparison of eight-
somite-stage WT, Mift88, and MZift88 embryos revealed no
differences in body axis extension angles, indicating that early
C&E movements are unaffected (Figures 2E–2G).
Figure 2. Cilia Are Not Required to Establish PCP
(A–D) Whole embryo flat-mount RNA in situ hybridization of krox20 and myoD expression in representative ten-somite-stage WT (A) and Mift88 or MZift88 (B)
embryos. Quantification of the mediolateral extent of krox20 (C; p = 0.06) and the anteroposterior extent of myoD expression (D; p = 0.21) demonstrated no
significant differences in CE of the body axis between WT (n = 21) and Mift88 or MZift88 mutants (n = 21, krox20; n = 20, myoD).
(E–G) Lateral DIC images of eight-somite-stage WT (E) and Mift88 or MZift88 (F) embryos. Quantification of the body axis extension angle (G) in WT (n = 23) and
Mift88 or MZift88 mutants (n = 20) demonstrated no significant differences (p = 0.36).
(H–J) Whole-mount RNA in situ hybridization of ntl, hgg1, and dlx expression in representative bud-stageWT (H; n = 21) and Mift88 orMZift88 (I; n = 23) embryos.
Quantification of the gap between the prechordal plate and the notochord (J) revealed no significant differences (p = 0.1).
(K–M) Confocal micrographs of WT (K) and MZift88 (L) dorsal ectoderm cells labeled with memb-mRFP (red) and Arl13b-GFP (green). (M) Graph of LWRs for WT
(n = 70; 2 embryos) and MZift88 mutant (n = 91; 3 embryos) cells revealed no statistical differences (p = 0.25). Error bars in (M) represent SD.
(legend continued on next page)
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During gastrulation, dorsal ectoderm cells become elongated
in the mediolateral axis in response to PCP signals. Mediolateral
cell elongation can be quantified as a length-to-width ratio
(LWR), and decreased LWRs can identify even subtle defects
in PCP (Jessen et al., 2002). LWRs were measured in confocal
micrographs of WT and MZift88 mutant dorsal ectoderm cells
expressing a membrane-localized monomeric red fluorescent
protein (Figures 2K and 2L). No significant difference in the
LWR of WT (1.7 ± 0.5, n = 70) and MZift88 mutant (1.8 ± 0.5,
n = 91) cells was observed (Figure 2M).
Finally, we examined the planar polarity of neural tube floor
plate cells in WT and MZift88 mutant embryos. We have previ-
ously demonstrated that basal bodies exhibit a uniform posi-
tioning at the posterior apical membrane of floor plate cells in
response to PCP signals (Borovina et al., 2010). Using Centrin-
GFP as a live marker of the basal body, we found that basal
bodies were positioned normally at the posterior apical cell sur-
face in the majority of both WT (85%, n = 27; Figures 2N and 2P)
and MZift88 mutant (88%, n = 27; Figures 2O and 2P) cells.
We therefore conclude that cilia are not directly (e.g., mecha-
nosensory functions) or indirectly (e.g., cilia-directed fluid flow)
required to establish PCP during zebrafish embryonic develop-
ment and that C&E defects reported following MO-knockdown
of IFT88 (McIntyre et al., 2012) likely reflect a common off-target
effect of MO injection. Analysis of genetic mutants will therefore
be required to determine the specificity of C&E defects observed
following knockdown of other cilia-associated proteins (Ferrante
et al., 2009; Gerdes et al., 2007; Kishimoto et al., 2008; Ross
et al., 2005; Simons et al., 2005). However, it remains possible
that these proteins could regulate PCP outside of the cilia (Kim
et al., 2004; Nu¨rnberger et al., 2002, 2004). For example, plasma
membrane docking of basal bodies is intact, and small patches
of associated membrane remain in MZift88 mutant embryos.
Since Inversin has been localized to the basal body (Simons
et al., 2005), basal bodies (and not cilia) may act as the critical
mediators of Wnt signal transduction.
IFT88 Plays a Cilia-Independent Role in Controlling OCD
during Gastrulation
During gastrulation, dorsal epiblast cells orient their divisions
along the animal-vegetal (AV)/anterior-posterior (AP) axis in
response to PCP signals (Gong et al., 2004). To determine
whether these oriented cell divisions (OCDs) are disrupted in
MZift88 mutants, we performed time-lapse confocal imaging
over a 2 hr time period from shield stage (6 hpf) through to
75% epiboly (8 hpf). Embryos were labeled with Arl13b-GFP
(cilia and slight membrane localization) and histone 2B-Cherry
(histone localization) and the angles of dorsal epiblast cell divi-
sions were measured with respect to the AV/AP axis (Figure 3A).
Consistent with published observations, we found that WT cells
(n = 120) favor a division angle aligned with the AV/AP axis (Fig-
ures 3B and 3D) (Gong et al., 2004). In contrast, Mift88 mutant(N–P) Coronal section through the floor plate of 28–32 hpf WT (N) and MZift88
demonstrating basal body docking at the posterior apical surface (yellow arrows
(blue), central (red), and posterior (purple) position of basal bodies at the apical s
Statistical significance for all experiments was determined using a Student’s t te
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randomized division angle profile. This profile is even further ran-
domized inMZift88mutants (n = 78; Figures 3C and 3D). While at
first glance our results may suggest a role for cilia in orienting
polarized cell divisions, we have demonstrated that cilia do not
form until 75%–80% epiboly (Borovina et al., 2010). Since the
OCDs analyzed during early gastrulation stages (shield to 75%
epiboly) occur prior to cilia formation (Figures 3E and 3F), we
conclude that IFT88 plays a cilia-independent function in con-
trolling OCD occurring during zebrafish gastrulation.
IFT88 Is Not Required for Zebrafish Astral Microtubule
Formation
A recent study by Delaval et al. (2011) reported that small inter-
fering RNA depletion of IFT88 in HeLa cells resulted in mitotic
defects and loss of astral microtubule formation. Since spindle
orientation is largely determined by pulling forces exerted on
astral microtubules, which radiate from the spindle poles and
anchor them to the cell cortex (O’Connell and Wang, 2000), we
next sought to determine whether MZift88 OCD defects were
caused by abnormal astral microtubule formation. Immunohisto-
chemical analysis of a-tubulin localization was performed onWT,
Mift88, andMZift88mutant embryos at early gastrulation stages.
Surprisingly, we observed robust astral microtubule formation in
most Mift88 andMZift88 cells that was qualitatively similar toWT
controls (Figures 3G and 3H). Quantification of astral microtubule
formation based on the percentage of cells with long astral
microtubules (>3 mm) (Delaval et al., 2011) revealed that 100%
of WT cells (n = 180, from 60 embryos) had long microtubules,
as did 99% of Mift88 or MZift88 cells (n = 171, from 57 embryos).
These observations indicate that, unlike published reports of
IFT88 knockdown in HeLa cells, IFT88 is not required for zebra-
fish astral microtubule formation and that IFT88 must regulate
OCD through a different mechanism.
IFT88 Is Required for PCP-Independent OCD during
Neurulation
To investigate whether IFT88 may function upstream or in paral-
lel to PCP to control polarized cell division, we analyzed the role
for IFT88 in PCP-independent OCDs that occur at neurulation.
During neural keel stages (12 hpf), the spindle poles of dividing
neural progenitor cells undergo a rapid rotation that orients cell
division perpendicular to the plane of the neuroepithelium
(i.e., across the mediolateral (ML) axis; Figures 4A–4D) (Geld-
macher-Voss et al., 2003). This rotation does not require PCP
signaling (Ciruna et al., 2006; Zigman et al., 2011). After
measuring the angle of neural progenitor cell metaphase plates
both before and after spindle rotation (Figures 4A–4D), we found
that the initial orientation of the mitotic spindle was not signifi-
cantly different between WT (n = 73) and MZift88 mutant (n =
60) embryos (Figure 4E). However, the final orientation of cell
divisions (after mitotic spindle rotation) was significantlymutant (O) embryos expressing memb-mRFP (red) and Centrin-GFP (green)
). (P) Quantification of WT (n = 27) or MZift88 (n = 27) cells displaying anterior
urface of floor-plate cells.
st and alpha was set as 0.05.
Figure 3. IFT88 Plays a Cilia-Independent Role in Controlling OCD at
Gastrulation
(A) Schematic diagram indicating acquisition site for a 2 hr confocal z series of
OCDs in shield-stage (6 hpf) embryos. Cell division angles were measured as
indicated.
(B and C) Confocal images of 6–8 hpf WT (B) and MZift88 mutant (C) dorsal
epiblast cells expressing Arl13b-GFP (green; cell membranes) and histone 2B-
Cherry (red; histones). Dividing cells are indicated (arrows).
(D) Graphic representation of measured cell division angles. WT divisions
(blue; n = 120) preferentially align along the AV axis, while Mift88 (red; n = 161)
and MZift88 (green; n = 78) mutants show a statistically significant shift to
more randomized division angles, as determined using a Watson-Williams
two-sample test (WT versusMift88 p = < 0.001;WT versusMZift88 p = < 0.001;
Mift88 versus MZift88 p = < 0.001).
(E and F) Lateral view of Arl13b-GFP (green) andmemb-mRFP (red) expression
in WT mesodermal cells at (E) 60% epiboly (6 hpf) and (F) 80% epiboly,
demonstrating the onset of cilia formation during late gastrulation (arrows, F).
(G and H) Immunohistochemical analysis of astral microtubule formation using
anti-a-tubulin staining (green). Representative (G) WT and (H) Mift88/MZift88
cells demonstrating robust astral microtubule formation and the presence of
long astral microtubules greater than 3 mm in length (insets).disrupted in MZift88 mutants, albeit to a lesser degree than
observed for OCDs at gastrulation (Figure 4F).
Of note, MZift88 mutants do not display C&E phenotypes or
ectopic neural progenitor cell accumulations that have been
attributed to OCD defects during gastrulation and neurulation.
We hypothesize that PCP-mediated morphogenetic processes
(which are normal in MZift88 mutants) ultimately rescue axial
development. However, MZift88 mutants develop pronephric
cysts, which is consistent with a role for OCDs inmaintaining kid-
ney tubule architecture (Fischer et al., 2006; Saburi et al., 2008).
Together, our data indicate that although cilia are not required
to establish planar cell polarity, IFT88 controls oriented cell divi-
sions in a cilia-independent manner, likely in parallel to PCP. This
adds to a growing body of literature implicating IFT function
outside of the primary cilium (Delaval et al., 2011; Finetti et al.,
2009; Follit et al., 2006; Robert et al., 2007) in diverse biological
processes requiring polarized intracellular trafficking and mem-
brane transport. Furthermore, our study underscores the impor-
tance of reexamining the biological activity of proteins broadly
ascribed to ciliary function and of using genetic mutants to
obtain reliable developmental phenotypes.
EXPERIMENTAL PROCEDURES
Zebrafish and Embryonic Manipulation
Established zebrafish husbandry protocols were adhered to and all protocols
were performed in accordance with Canadian Council on Animal Care (CCAC)
guidelines. MZift88 mutant embryos were generated using established germ-
line replacement protocols and the ovltz288b mutant allele (Ciruna et al., 2002;
Tsujikawa and Malicki, 2004). Prior to 30 hpf, MZift88 mutant embryos were
phenotyped using Arl13b-GFP cilia labeling and genotyped using established
PCR protocols (Huang and Schier, 2009). mRNA for microinjection was syn-
thesized in vitro using mMESSAGE mMACHINE (Ambion) and injected into
one-cell-stage embryos at the following amounts: membrane-localized mono-
meric red fluorescent protein (memb-mRFP) (20 pg), Xcentrin-GFP (2.5 pg),
Arl13b-GFP (7 pg), and H2B-mCherry (100 pg).
Imaging and Immunofluorescence
TEM was performed at the Advanced Bioimaging Centre at Sick Kids. Whole-
mount RNA in situ hybridization was performed according to standard proto-
cols using krox20, myoD, ntl, hgg1, and dlx riboprobes, and embryos wereCell Reports 5, 37–43, October 17, 2013 ª2013 The Authors 41
Figure 4. IFT88 Is Required for PCP-Independent OCD at Neurulation
(A–D) Confocal images of neural progenitor cell division in a six-somite-stage (12 hpf) WT embryo expressing Arl13b-GFP (green; cell membranes) and histone
2B-Cherry (red; histones). In these cells, the initial orientation of themetaphase plate is realigned to be parallel to themidline so that the subsequent division plane
occurs across the midline. Images depict a cell that is about to undergo cell division (A), the initial orientation of the metaphase plate (B), metaphase plate
orientation following spindle rotation (C), and the cell in anaphase (D). Elapsed time (t) is indicated inminutes. Spindle orientation wasmeasured as the angle of the
metaphase plate relative to the neural midline.
(E) Graph of spindle orientations at the onset of metaphase, demonstrating no significant difference (p = 0.830) between WT (blue; n = 73) and MZift88 (red;
n = 60) cells.
(F) Graph of metaphase plate orientations following spindle rotation. The metaphase plate in WT cells (blue; n = 73) is strongly aligned with the midline, whereas
MZift88 cells (red; n = 60) exhibit a statistically significant shift (p = 0.010) to a more randomized orientation. Statistical significance was determined using a
Watson-Williams two-sample test and statistical significance was assigned when p < 0.05.imaged on an AxioImager.M1 compound microscope (Zeiss). OCD analysis
was adapted from Gong et al. (2004) and immunofluorescence was done
according to Solnica-Krezel and Driever (1994) using an anti-mouse a-tubulin
(1:500, Sigma-Aldrich). For live confocal imaging, embryos were mounted on a
coverslip in 0.8% agarose and imaged using a Zeiss 710 laser-scanning
microscope.
Statistical Analysis
Morphometric measurements were compared using a one-tailed Student’s
t test, andsignificancewasassignedwhen thepvaluewas less than0.05 (alpha).
Angles measuring the orientation of cell division during gastrulation and neuru-
lation were compared using a Watson-Williams two-sample test for circular
data, andsignificancewasassignedwhen thep valuewas less than0.05 (alpha).
ACKNOWLEDGMENTS
We thank Ashley Bruce for assistance with astral microtubule imaging and
Angela Morley for zebrafish husbandry. This work was supported in part by
funding from the Canada Research Chairs program and Canadian Institutes
of Health Research (operating grant 230829 to B.C.) and a CIHR doctoral
research award (to A.B.).
Received: July 12, 2013
Revised: August 22, 2013
Accepted: August 23, 2013
Published: October 3, 201342 Cell Reports 5, 37–43, October 17, 2013 ª2013 The AuthorsREFERENCES
Afzelius, B.A. (1976). A human syndrome caused by immotile cilia. Science
193, 317–319.
Bayly, R., and Axelrod, J.D. (2011). Pointing in the right direction: new devel-
opments in the field of planar cell polarity. Nat. Rev. Genet. 12, 385–391.
Borovina, A., Superina, S., Voskas, D., and Ciruna, B. (2010). Vangl2 directs
the posterior tilting and asymmetric localization of motile primary cilia. Nat.
Cell Biol. 12, 407–412.
Carreira-Barbosa, F., Concha, M.L., Takeuchi, M., Ueno, N., Wilson, S.W., and
Tada, M. (2003). Prickle 1 regulates cell movements during gastrulation and
neuronal migration in zebrafish. Development 130, 4037–4046.
Ciruna, B., Weidinger, G., Knaut, H., Thisse, B., Thisse, C., Raz, E., and Schier,
A.F. (2002). Production of maternal-zygotic mutant zebrafish by germ-line
replacement. Proc. Natl. Acad. Sci. USA 99, 14919–14924.
Ciruna, B., Jenny, A., Lee, D., Mlodzik, M., and Schier, A.F. (2006). Planar cell
polarity signalling couples cell division and morphogenesis during neurulation.
Nature 439, 220–224.
Delaval, B., Bright, A., Lawson, N.D., and Doxsey, S. (2011). The cilia protein
IFT88 is required for spindle orientation in mitosis. Nat. Cell Biol. 13, 461–468.
Eggenschwiler, J.T., and Anderson, K.V. (2007). Cilia and developmental
signaling. Annu. Rev. Cell Dev. Biol. 23, 345–373.
Ferrante, M.I., Romio, L., Castro, S., Collins, J.E., Goulding, D.A., Stemple,
D.L., Woolf, A.S., and Wilson, S.W. (2009). Convergent extension movements
and ciliary function are mediated by ofd1, a zebrafish orthologue of the human
oral-facial-digital type 1 syndrome gene. Hum. Mol. Genet. 18, 289–303.
Finetti, F., Paccani, S.R., Riparbelli, M.G., Giacomello, E., Perinetti, G., Pazour,
G.J., Rosenbaum, J.L., and Baldari, C.T. (2009). Intraflagellar transport is
required for polarized recycling of the TCR/CD3 complex to the immune syn-
apse. Nat. Cell Biol. 11, 1332–1339.
Fischer, E., Legue, E., Doyen, A., Nato, F., Nicolas, J.F., Torres, V., Yaniv, M.,
and Pontoglio, M. (2006). Defective planar cell polarity in polycystic kidney dis-
ease. Nat. Genet. 38, 21–23.
Follit, J.A., Tuft, R.A., Fogarty, K.E., and Pazour, G.J. (2006). The intraflagellar
transport protein IFT20 is associated with theGolgi complex and is required for
cilia assembly. Mol. Biol. Cell 17, 3781–3792.
Geldmacher-Voss, B., Reugels, A.M., Pauls, S., and Campos-Ortega, J.A.
(2003). A 90-degree rotation of the mitotic spindle changes the orientation of
mitoses of zebrafish neuroepithelial cells. Development 130, 3767–3780.
Gerdes, J.M., Liu, Y., Zaghloul, N.A., Leitch, C.C., Lawson, S.S., Kato, M.,
Beachy, P.A., Beales, P.L., DeMartino, G.N., Fisher, S., et al. (2007). Disruption
of the basal body compromises proteasomal function and perturbs intracel-
lular Wnt response. Nat. Genet. 39, 1350–1360.
Gong, Y., Mo, C., and Fraser, S.E. (2004). Planar cell polarity signalling controls
cell division orientation during zebrafish gastrulation. Nature 430, 689–693.
Gray, R.S., Roszko, I., and Solnica-Krezel, L. (2011). Planar cell polarity: coor-
dinating morphogenetic cell behaviors with embryonic polarity. Dev. Cell 21,
120–133.
Heisenberg, C.P., Tada, M., Rauch, G.J., Sau´de, L., Concha, M.L., Geisler, R.,
Stemple, D.L., Smith, J.C., and Wilson, S.W. (2000). Silberblick/Wnt11 medi-
ates convergent extension movements during zebrafish gastrulation. Nature
405, 76–81.
Huang, P., and Schier, A.F. (2009). Dampened Hedgehog signaling but normal
Wnt signaling in zebrafish without cilia. Development 136, 3089–3098.
Jessen, J.R., Topczewski, J., Bingham, S., Sepich, D.S., Marlow, F., Chandra-
sekhar, A., and Solnica-Krezel, L. (2002). Zebrafish trilobite identifies new
roles for Strabismus in gastrulation and neuronal movements. Nat. Cell Biol.
4, 610–615.
Kim, J.C., Badano, J.L., Sibold, S., Esmail, M.A., Hill, J., Hoskins, B.E., Leitch,
C.C., Venner, K., Ansley, S.J., Ross, A.J., et al. (2004). The Bardet-Biedl pro-
tein BBS4 targets cargo to the pericentriolar region and is required for micro-
tubule anchoring and cell cycle progression. Nat. Genet. 36, 462–470.
Kishimoto, N., Cao, Y., Park, A., and Sun, Z. (2008). Cystic kidney gene sea-
horse regulates cilia-mediated processes and Wnt pathways. Dev. Cell 14,
954–961.
McIntyre, J.C., Davis, E.E., Joiner, A., Williams, C.L., Tsai, I.C., Jenkins, P.M.,
McEwen, D.P., Zhang, L., Escobado, J., Thomas, S., et al.; NISC Comparative
Sequencing Program. (2012). Gene therapy rescues cilia defects and restores
olfactory function in a mammalian ciliopathy model. Nat. Med. 18, 1423–1428.
Nu¨rnberger, J., Bacallao, R.L., and Phillips, C.L. (2002). Inversin forms a
complex with catenins and N-cadherin in polarized epithelial cells. Mol. Biol.
Cell 13, 3096–3106.
Nu¨rnberger, J., Kribben, A., Opazo Saez, A., Heusch, G., Philipp, T., and Phil-
lips, C.L. (2004). The Invs gene encodes a microtubule-associated protein.
J. Am. Soc. Nephrol. 15, 1700–1710.
O’Connell, C.B., and Wang, Y.L. (2000). Mammalian spindle orientation and
position respond to changes in cell shape in a dynein-dependent fashion.
Mol. Biol. Cell 11, 1765–1774.Otto, E.A., Schermer, B., Obara, T., O’Toole, J.F., Hiller, K.S., Mueller, A.M.,
Ruf, R.G., Hoefele, J., Beekmann, F., Landau, D., et al. (2003). Mutations in
INVS encoding inversin cause nephronophthisis type 2, linking renal cystic
disease to the function of primary cilia and left-right axis determination. Nat.
Genet. 34, 413–420.
Reynolds, A., McDearmid, J.R., Lachance, S., De Marco, P., Merello, E.,
Capra, V., Gros, P., Drapeau, P., and Kibar, Z. (2010). VANGL1 rare variants
associated with neural tube defects affect convergent extension in zebrafish.
Mech. Dev. 127, 385–392.
Robert, A., Margall-Ducos, G., Guidotti, J.E., Bre´gerie, O., Celati, C., Bre´chot,
C., and Desdouets, C. (2007). The intraflagellar transport component IFT88/
polaris is a centrosomal protein regulating G1-S transition in non-ciliated cells.
J. Cell Sci. 120, 628–637.
Ross, A.J., May-Simera, H., Eichers, E.R., Kai, M., Hill, J., Jagger, D.J., Leitch,
C.C., Chapple, J.P., Munro, P.M., Fisher, S., et al. (2005). Disruption of Bardet-
Biedl syndrome ciliary proteins perturbs planar cell polarity in vertebrates. Nat.
Genet. 37, 1135–1140.
Saburi, S., Hester, I., Fischer, E., Pontoglio, M., Eremina, V., Gessler, M.,
Quaggin, S.E., Harrison, R., Mount, R., and McNeill, H. (2008). Loss of Fat4
disrupts PCP signaling and oriented cell division and leads to cystic kidney
disease. Nat. Genet. 40, 1010–1015.
Satir, P., and Christensen, S.T. (2007). Overview of structure and function of
mammalian cilia. Annu. Rev. Physiol. 69, 377–400.
Simons, M., Gloy, J., Ganner, A., Bullerkotte, A., Bashkurov, M., Kro¨nig, C.,
Schermer, B., Benzing, T., Cabello, O.A., Jenny, A., et al. (2005). Inversin,
the gene product mutated in nephronophthisis type II, functions as amolecular
switch between Wnt signaling pathways. Nat. Genet. 37, 537–543.
Singla, V., and Reiter, J.F. (2006). The primary cilium as the cell’s antenna:
signaling at a sensory organelle. Science 313, 629–633.
Solnica-Krezel, L., and Driever, W. (1994). Microtubule arrays of the zebrafish
yolk cell: organization and function during epiboly. Development 120, 2443–
2455.
Sun, Z., Amsterdam, A., Pazour, G.J., Cole, D.G., Miller, M.S., and Hopkins, N.
(2004). A genetic screen in zebrafish identifies cilia genes as a principal cause
of cystic kidney. Development 131, 4085–4093.
Tada, M., and Smith, J.C. (2000). Xwnt11 is a target of Xenopus Brachyury:
regulation of gastrulation movements via Dishevelled, but not through the
canonical Wnt pathway. Development 127, 2227–2238.
Tsujikawa, M., and Malicki, J. (2004). Intraflagellar transport genes are essen-
tial for differentiation and survival of vertebrate sensory neurons. Neuron 42,
703–716.
Wallingford, J.B., and Mitchell, B. (2011). Strange as it may seem: the many
links between Wnt signaling, planar cell polarity, and cilia. Genes Dev. 25,
201–213.
Wang, Y., and Nathans, J. (2007). Tissue/planar cell polarity in vertebrates:
new insights and new questions. Development 134, 647–658.
Watanabe, D., Saijoh, Y., Nonaka, S., Sasaki, G., Ikawa, Y., Yokoyama, T., and
Hamada, H. (2003). The left-right determinant Inversin is a component of node
monocilia and other 9+0 cilia. Development 130, 1725–1734.
Yin, C., Ciruna, B., and Solnica-Krezel, L. (2009). Convergence and extension
movements during vertebrate gastrulation. Curr. Top. Dev. Biol. 89, 163–192.
Zigman, M., Trinh, A., Fraser, S.E., and Moens, C.B. (2011). Zebrafish neural
tube morphogenesis requires Scribble-dependent oriented cell divisions.
Curr. Biol. 21, 79–86.Cell Reports 5, 37–43, October 17, 2013 ª2013 The Authors 43
